Abstract
populations to obtain haplotype sharing based evidence of admixture, independent of the allele frequency 2 3 2 based f-statistics, as well as estimates of admixture dates and a fine-scale profile of their admixture 2 3 3 sources. 14 We followed the "regional" approach described in Hellenthal et al., 14 in which target 2 3 4
haplotypes can only be copied from the haplotypes of 167 contemporary reference groups, but not from
those of the other target groups. This approach is recommended when multiple target groups share a 2 3 6 similar admixture history, 14 which is likely to be the case for our inner Eurasian populations.
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We jointly phased the contemporary genome data without a pre-phased set of reference 2 3 8
haplotypes, using SHAPEIT2 v2.837 in its default setting. 60 We used a genetic map for the 1000
Genomes Project phase 3 data, downloaded from:
https://mathgen.stats.ox.ac.uk/impute/1000GP_Phase3.html. We used haplotypes from a total of 2,615 analysis. To reduce computational burden and to provide more balanced set of donor populations, we we performed GLOBETROTTER analysis following the recommended workflow. 14 We first ran 10 ChromoPainter v2 with "-in" and "-iM" switches to estimate chunk size and switch error rate 2 4 7
parameters. 61 Both recipient and donor haplotypes were modeled as a patchwork of donor haplotypes. The estimated parameters averaged over both recipient and donor individuals ("-n 238.05 -M 0.000617341").
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We also generated 10 painting samples for each recipient group by running ChromoPainter with the chunklength output and painting samples, we ran GLOBETROTTER with the "prop.ind: 1" and "null.ind:
1" options. We estimated significance of estimated admixture date by running 100 bootstrap replicates 2 5 4
using the "prop.ind: 0" and "bootstrap.date.ind: 1" options; we considered date estimates between 1 and 2 5 5 400 generations as evidence of admixture. 14 For populations that gave evidence of admixture by this Eskimo_Naukan), (French, Nganasan), (Georgian, Ulchi), (French, Ulchi) and (Georgian, Ulchi) for the 2 6 0 target group categories 1 to 5, respectively, based on their genetic profile (Table S2) . We used a minimum
inter-marker distance of 1.0 cM to account for LD in the references. To visualize the heterogeneity in the rate of gene flow across inner Eurasia, we performed the EEMS ("estimated effective migration surface") analysis. 63 We included a total of 1,180 individuals from
94 groups in the analysis (Table S2) . In this dataset, we kept 101,320 SNPs with maf ≥ 0.01 after LD latitudes due to map projection, we used geographic coordinates in the Albers equal area conic projection
("+proj=aea +lat_1=50 +lat_2=70 +lat_0=56 +lon_0=100 +x_0=0 +y_0=0 +ellps=WGS84 2 7 1 +datum=WGS84 +units=m +no_defs"). We converted geographic coordinates of each sample and the 2 7 2 boundary using the "spTransform" function in the R package rgdal v1.2-5. We ran five initial MCMC highest likelihood. Starting from the best initial run, we set up another five MCMC runs of 2 million
burn-ins and 4 million iterations as our final analysis. We used the following proposal variance
parameters to keep the acceptance rate around 30-40%, as recommended by the developers 63 :
2 7 7 qSeedsProposalS2 = 5000, mSeedsProposalS2 = 1000, qEffctProposalS2 = 0.0001, mrateMuProposalS2 2 7 8 = 0.00005. We set up a total of 532 demes automatically with the "nDemes = 600" parameter. We visualized the merged output from all five runs using the "eems.plots" function in the R package were automatically set up with the "nDemes = 200" parameter. Inner Eurasians form distinct east-west genetic clines mirroring geography
In a PCA of Eurasian individuals, we find that PC1 separates eastern and western Eurasian populations, PC2 splits eastern Eurasians along a north-south cline, and PC3 captures variation in western
Eurasians with Caucasus and northeastern European populations at opposite ends ( Figure 2A and Figures 2 9 8 S1-S2). Inner Eurasians are scattered across PC1 in between, largely reflecting their geographic locations.
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Strikingly, inner Eurasian populations seem to be structured into three distinct west-east genetic clines
running between different western and eastern Eurasian groups, instead of being evenly spaced in PC and "steppe-forest" clines, respectively; Figure 2 and Figure S2 ).
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A model-based clustering analysis using ADMIXTURE shows a similar pattern ( Figure 2B and 3 1 0 Figure S3 ). Overall, the proportions of ancestry components associated with eastern or western Eurasians
are well correlated with longitude in inner Eurasians ( Figure 3A ). Notable outliers from this trend include cline groups are distinct from the others in their western Eurasian ancestry profile, in the sense that they ( Figure S4 ).
The genetic barriers splitting the inner Eurasian clines are also evidenced in the EEMS the forest-tundra cline groups in the North. These two barriers are partially connected by a weaker barrier
north of the Altai-Sayan region, likely reflecting both the east-west connection within the steppe-forest
cline and the north-south connection along the Yenisei River. Eurasian clines
We performed both allele frequency-based three-population (f 3 ) tests and a haplotype-sharing-
based GLOBETROTTER analysis to characterize the admixed gene pools of inner Eurasian groups. For
these group-based analyses, we manually removed 87 outliers from our contemporary individuals based on PCA results (Table S1 ). We also split a few inner Eurasian groups showing genetic heterogeneity into
subgroups based on PCA results and their sampling locations (Table S1 ). This was done to minimize false (167 contemporary and 61 ancient groups) as the "sources" to represent world-wide genetic diversity 3 3 7 (Table S2) .
Testing all possible pairs of 167 contemporary "source" groups as references, we detect highly
significant f 3 statistics for 66 of 73 targets (< -3 SE; standard error; Table S3 ). Eurasian groups (Nganasan, Ulchi and Korean). In the populations of the southern steppe cline, reference
pairs with Georgians tend to produce more negative f 3 statistics than those with French while the opposite
pattern is observed for the steppe-forest and forest-tundra populations ( Figure 4A ). Reference pairs with
Nganasans mostly result in more negative f 3 statistic than those with Ulchi in the forest-tundra with Nganasans while the southern ones tend to have more negative f 3 statistics with Ulchi. To perform a higher resolution characterization of the admixture landscape, we performed a
haplotype-based GLOBETROTTER analysis. We took a "regional" approach, meaning that all 73 3 5 8 recipient groups were modeled as a patchwork of haplotypes from the 167 donor groups but not those donors, categorized to 12 groups (Table S2) , into the two main sources of the admixture signal ("date 1
PC 1") is considered, we observe a pattern comparable to PCA, ADMIXTURE and f 3 results ( Figure 4B ).
The European donors provide a major contribution for the western Eurasian-related source in the forest- recipients. Similarly, Siberian donors make the highest contribution to the eastern Eurasian-related source
in the forest-tundra recipients, followed by the steppe-forest and southern steppe ones.
The GLOBETROTTER analysis also provides an estimate of admixture dates, either one-or two-
date estimates, depending on the best model of admixture ( Figure S5 and Table S4 ). We obtain a mean 29.8 generations. Estimates of admixture dates using ALDER result in similar values ( Figure S5 ). The admixture dates of the steppe populations are consistent with previous estimates using similar 3 7 9 methodologies, 13 but much younger than expected if they had been driven by admixtures in the Late
Bronze and Iron Ages. European hunter-gathers from Karelia and Samara ("EHG") ( Figure S6A ). East Asians (EAS) are more of f 4 (Mbuti, EAS; AG3, Botai), suggesting East Asian gene flow into Botai ( Figure S6B ).
We estimated the proportion of East Asian ancestry in Botai using qpAdm. The two-way harbors an extra affinity with Mesolithic western European hunter-gatherers ("WHG") unexplained by ancestry proportions (+3.0 to +4.2 SE for 77.7-87.7% AG3 ancestry, mean ± 2 SE; Figure S7 ). We still
obtain a reasonable fit for the same model when we add WHG to the outgroups (χ 2 p = 0.089; Table S5 ),
but adding EHG as an additional source slightly increases model fit with a similar amount of contribution
from the East Asian source (χ 2 p = 0.016; 17.3±2.2% East Asian contribution; Table S5 ). A graph-based admixture modeling using qpGraph provides similar results: the best two-way EHG-related branches substantially improves the model fit ( Figure S8 ). Thus, we conclude that the ANE- Okunevo individuals in the Altai-Sayan region also suggests a wide geographic and temporal distribution 4 0 8
of Botai-related ancestry in central Eurasia ( Figure S6C ).
The Y-chromosome of the male Botai individual (TU45) belongs to the haplogroup R1b (Table   4 1 0 S6). However, it falls into neither a predominant European branch R1b-L51 65 nor into a R1b-GG400 R1b-M73 branch which is frequent in the Eurasian steppe ( Figure S9 ). This branch was also found in Table S7 ). Among the ancient groups, Sintashta+EAS generally fits Andronovo individuals well with a 4 2 9
small eastern Eurasian contribution (6.4±1.4% for estimate ± 1 SE with Nganasans), while later Karasuk (Table S7) . If the pre-Bronze Age populations of the Altai-Sayan region were related to either
Botai in the west or the Upper Paleolithic Siberians in the east, these results suggest that these pre-Bronze AG3+Korean; Table S5 ). For the forest-tundra cline populations, for which currently no relevant Holocene ancient 4 3 8
genomes are available, we took a more generalized approach of using proxies for contemporary 4 3 9
Europeans: WHG, WSH (represented by "Yamnaya_Samara"), and early Neolithic European farmers 4 4 0 (EEF; represented by "LBK_EN"; Table S2 ). Adding Nganasans as the fourth reference, we find that from the Volga river region do (4.9-6.6% and 50.7-53.2%, respectively), while the three groups have one of the top f 3 references for these groups, we obtain well-fitted models with a small WHG contribution further subdivision into northwest and northeast groups.
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By applying EEMS to the Caucasus region, we identify a strong barrier to gene flow separating 4 6 9
North and South Caucasus populations ( Figure 6 ). This genetic barrier coincides with the Greater
Caucasus mountain ridge even to small scale: a weaker barrier in the middle, overlapping with Ossetia,
matches well with the region where the ridge also becomes narrow. We also observe weak barriers
running in the north-south direction that separate northeastern populations from northwestern ones. human migration.
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We quantified the genetic difference within Caucasus populations using f 4 statistics of the form
f 4 (Mbuti, X; Caucasus 1 , Caucasus 2 ) against world-wide populations outside the Caucasus ("X"). We find Levantines and Anatolians ("Levant_N" and "Anatolia_N", respectively; Table S2 ). In turn, North
Caucasus populations have extra affinity with populations of the steppe and broadly of eastern Eurasia. Asians ( Figures S1-S2 ).
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To explicitly model and quantify the steppe-related gene flows into the Caucasus, we performed a Table S9 ). Except for Georgians from the South Caucasus (6.8% contribution from Scythians), all the 4 9 6
other groups have a substantial contribution from Scythians (38.0-50.6%). When we add Nanais as the (Table S9 ). 9 of the 15 groups are adequately modeled by the three references but not by the two: prominent neither in PCA nor in ADMIXTURE (2.7-5.1%; Table S9 ). In this study, we analyzed newly reported genome-wide variation data of indigenous people from 5 0 7
inner Eurasia, providing a dense representation for human genetic diversity in this vast region. Our correlation between genes and geography (Figures 1-2) . The genetic grouping of samples into three clines
with gaps in between ( Figure 2 ) corresponds with the fact that samples tend to group into the same clines non-uniformity of sampling results from the non-uniformity in the density of (language-defined) ethnic speakers of languages belonging to the Altaic macrofamily (Turkic, Mongolic and Tungusic families).
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Based on our results as well as early Neolithic genomes from the Russian Far East, 37 we speculate that
such a gene pool may represent the genetic profile of prehistoric hunter-gatherers in the Amur river basin.
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On the other hand, a distinct Nganasan-related eastern Eurasian ancestry in the forest-tundra cline
suggests a substantial separation between these two eastern ancestries. Nganasans have high genetic Paleolithic Siberians or the Mesolithic EHG, which is exceeded only by Native Americans and by
Beringians among eastern Eurasians ( Figure S12 ). Also, Northeast Asians are closer to Nganasans than with their affinity with Nganasans ( Figure S13 ). We hypothesize that Nganasans may be relatively mixing with populations related to the Neolithic Northeast Asians. The Botai genomes provide a critical snapshot of the genetic profile of pre-Bronze Age steppe 5 2 9
populations. Our admixture modeling positions Botai primarily on an ancient genetic cline of the pre-
Neolithic western Eurasian hunter-gatherers: stretching from the post-Ice Age western European hunter- gatherers (e.g. WHG) to EHG in Karelia and Samara to the Upper Paleolithic southern Siberians (e.g. and Central Asian populations at least till the time of Botai. A recent study reports 6,000 to 8,000 year old
genomes from a region slightly north of Botai, whose genetic profiles are similar to our Botai Caspian steppe to the east have significantly changed the western Eurasian ancestry during the Bronze 5 3 9
Age. 7; 8 Our admixture modeling finds that no contemporary population in the Altai-Sayan region is modern Eastern Eurasians can explain (Table S7) Urals ( Figure 5 and Table S8 ). Their multi-way mixture model may in fact portrait a prehistoric two-way hypothesis.
4 9
The study of ancient genomes from inner Eurasia will be extremely important for going forward. Inner Eurasia has functioned as a conduit for human migration and cultural transfer since the first appreciate from present-day populations as shown in our finding of a discrepancy between the estimates 5 6 0 of admixture dates from contemporary individuals and those from ancient genomes. Supplemental Data include 13 figures and 9 tables. Declaration of Interests
